Many proteins can form amyloid-like fibrils in vitro, but only about 30 amyloids are linked to disease, whereas some proteins form physiological amyloid-like assemblies. This raises questions of how the formation of toxic protein species during amyloidogenesis is prevented or contained in vivo. Intrinsic chaperoning or regulatory factors can control the aggregation in different protein systems, thereby preventing unwanted aggregation and enabling the biological use of amyloidogenic proteins. The molecular actions of these chaperones and regulators provide clues to the prevention of amyloid disease, as well as to the harnessing of amyloidogenic proteins in medicine and biotechnology.
Many proteins can form amyloid-like fibrils in vitro, but only about 30 amyloids are linked to disease, whereas some proteins form physiological amyloid-like assemblies. This raises questions of how the formation of toxic protein species during amyloidogenesis is prevented or contained in vivo. Intrinsic chaperoning or regulatory factors can control the aggregation in different protein systems, thereby preventing unwanted aggregation and enabling the biological use of amyloidogenic proteins. The molecular actions of these chaperones and regulators provide clues to the prevention of amyloid disease, as well as to the harnessing of amyloidogenic proteins in medicine and biotechnology.
Amyloid fibers are assemblies in which proteins or peptides adopt a ␤-strand conformation and assemble into elongated fibrils (1) . This conversion of soluble proteins is self-propagating, as the presence of a small amount of proteins in amyloid conformation can trigger further refolding of natively folded proteins. The resulting fibrillar structures are hallmarks of severe disorders, such as Alzheimer disease, prion diseases, and diabetes mellitus (2) .
Although amyloidogenic proteins natively adopt widely different folds, their aggregated states all share the use of stacked ␤-sheets as the principal component. Many pathogenic amyloids are composed of short peptides or small proteins and encompass paired ␤-strands linked by a turn, a structure that is shared by functional assemblies such as the bacterial curli fibers (1, 3) . The HET-s prion, implicated in non-genetic inheritance of yeast, forms a ␤-solenoid with its ␤-strands arranged in a triangular shape (4) . Electron microscopy additionally suggests that yeast prion fibers are capable of forming higher-order structures linked by organizational elements (5) . Spider silk, which shares key characteristics with amyloid fibers (6, 7) , is composed of ␤-crystalline blocks connected by unstructured segments, an architecture that gives rise to the exceptional properties of silk (8 -10) .
The common structural principles of amyloids also convey their double nature as "good" or "bad" assemblies; self-propagation and high stability are essential for functional amyloids, for example those that facilitate the rapid deactivation and storage of transcription factors in yeast or provide scaffolding for reaction intermediates (1) . On the other hand, runaway aggregation of highly resistant protein assemblies poses serious threats to cellular function, as evident from protein aggregation diseases. Amyloid and/or intermediates occurring during fiber assembly are cytotoxic, and several underlying mechanisms may apply. Toxic properties appear to be inherent with amyloid formation process independent of the proteins involved (11) . Proposed mechanisms include membrane damage (12) and sequestration of intracellular proteins (13) . For the amyloid ␤-peptide (A␤) 4 associated with Alzheimer disease, many studies indicate that pre-fibrillar intermediates present during the aggregation trigger neuronal dysfunction, rather than the fibrils per se (14) . However, mature fibrils can also exert more potent toxic effects than pre-fibrillar forms of A␤ in certain experimental systems (15) .
Several molecular chaperones, and even non-chaperone proteins (16) , have been implicated in the defenses against amyloid (Table 1 ). This minireview focuses on two chaperones, the BRICHOS domain and CsgC, which appear to have evolved to protect specific amyloidogenic clients, and on regulatory domains that control time and place of formation of functional amyloids.
Amyloidogenic Sequences Guarded by Dedicated Chaperone Domains
It has been proposed that the ability to form amyloid is a general property of the protein backbone (17) . However, some sequences are significantly more aggregation-prone than others (18, 19) . As a result, proteins are required to safeguard such segments in their folded state to prevent unwanted aggregation (20) . However, some short amyloidogenic peptides lack the ability to conceal their aggregation hot spots due to lack of stable secondary structures and/or a three-dimensional fold. An example is lung surfactant protein C (SP-C), a 35-residue transmembrane peptide that contributes to the control of the surface tension of the alveolar air/ liquid interface by affecting the phospholipid bilayer to adopt monolayer transitions (21) .
The transmembrane region of mature SP-C has an ␣-helical conformation in the membrane (22) . However, the SP-C transmembrane segment is composed essentially of polyvaline and therefore strongly favors a ␤-strand conformation. As a consequence, the SP-C helix is unable to refold into the helical structure once it has unfolded, and then instead aggregates (23) . The insoluble, aggregated form of SP-C contains a ␤-sheet structure and shows abundant amyloid-like fibrils (24) . In sharp contrast to the native poly-Val structure, a poly-Leu analogue of SP-C has a high helix propensity (19) and results in a dramatic increase in the spontaneous formation of a stable ␣-helix with no signs of amyloid fibril formation (25) . A fully synthetic lung surfactant preparation based on this analogue is efficient in animal models of respiratory disease (26 -29) . This shows that sequence-dependent amyloidogenic properties can be overcome by protein engineering. It also raises the question of how nature has solved the problem of folding the highly ␤-prone transmembrane segment of SP-C into an ␣-helix.
BRICHOS: A Multi-purpose Anti-amyloid Chaperone
In vivo, SP-C is synthesized as a proprotein (proSP-C) that includes a BRICHOS domain. BRICHOS domains were first identified in multiple sequence alignments of the BRI proteins that are related to British and Danish dementia, as well as chondromodulin and proSP-C (30) . Subsequently, BRICHOS-containing proteins have been identified in 10 protein families with relations to a range of human diseases such as lung fibrosis and cancer (31, 32) . The proSP-C BRICHOS domain displays antiamyloidogenic chaperone activity, and mutations in this domain lead to the accumulation of SP-C amyloid (33) . The proSP-C BRICHOS domain hence may be a chaperone tailored to interact with a particularly amyloidogenic sequence (34, 35) . Other BRICHOS homologues possess similar chaperone activity (36, 37) . Most importantly, the BRICHOS-containing Bri2 protein (also known as ITM2B), which is expressed in the central nervous system, is closely linked to protein aggregation diseases. Mutations in the C-terminal part of Bri2 give rise to familial Danish and British dementias (38, 39) , whereas its BRICHOS domain is associated with amyloid plaques in patients with Alzheimer disease (40) . Moreover, Bri2 suppresses A␤ deposition, suggesting that the levels and/or activity of Bri2 can play a role in Alzheimer disease (41) . Bri2 is believed to be a physiological inhibitor of A␤ precursor protein processing, probably by masking the cleavage sites for the processing enzymes. Consequently, it has been suggested that the loss of wild-type Bri2 affects the levels of A␤ precursor protein metabolites, causing similar pathobiology in familial Danish dementia and Alzheimer disease (43) .
ProSP-C BRICHOS lacks strict sequence specificity (44) and is also able to inhibit amyloid formation of other peptides and proteins, including A␤ (37) . Expression of A␤ 42 in the brain of transgenic Drosophila flies decreases longevity and impairs locomotor activity, correlated with A␤ aggregation and deposition in the brain (45) . Crossing A␤ 42 transgenic flies with transgenic flies overexpressing the BRICHOS domain from proSP-C alleviates the lifespan deficit and improves the locomotor activity (46) . A␤ 42 and BRICHOS were found to co-localize in the brain, which can explain the slower A␤ 42 aggregation. Together with in vitro data showing that the BRICHOS domain binds to the surface of A␤ fibrils and blocks secondary nucleation (47) (see below), this strongly suggests that the BRICHOS domain constitutes a direct example of a proprotein domain with the specific ability in vitro and in vivo to prevent toxicity from amyloid formation.
Chaperones in the Regulation of Functional Amyloids
Although constant safekeeping can be sufficient to control amyloidogenic proteins in a cellular environment, the requirements for functional amyloids are different. Here, aggregation has to be initiated in response to external cues, meaning that any chaperoning or regulatory factors present must be tunable. At the same time, the potentially toxic effects of these assemblies have to be kept at a minimum. This can be achieved via dedicated chaperone proteins that can prevent or promote the aggregation of their targets, as exemplified by the chaperone network that controls the generation of prion protomers, fibers, and seeds in yeast. Because soluble and aggregated yeast prions represent transcription factors in their active and inactive states, respectively, their distribution during cell division results in non-genetic inheritance (48) . Prion assembly is regulated by parts of the proteostasis network responsible for protein folding and quality control in general (49) . Its chief component is heat shock protein (Hsp)104, an ATP-driven disaggregase with the unique ability to dissociate amyloid fibrils (50) . Hsp104 is able to break down prion fibrils to produce aggregate "seeds" that accelerate the conversion of soluble prions into fibrils. Interestingly, it has recently been reported that Hsp104 and the co-chaperone Sis1 exhibit differential interactions with their amyloid system, depending on which parts of the amyloidogenic sequences are accessible in different fibril morphologies (51, 52) . This illustrates how chaperones can be adapted to fulfill specific amyloid-related functions. However, yeast disaggregases are not specific for amyloids alone and still retain a role in the protein folding and quality control machinery of the organism.
A different strategy involving a dedicated anti-amyloid chaperone can be found in enteric bacteria that utilize protein components under the control of the curli operons to produce functional amyloid fibers (53) . The resulting curli fibers are assembled extracellularly and contribute to biofilm production for surface colonization. The main component of the fibers, CsgA, is secreted into the extracellular space in an unstructured state, where the membrane-associated CsgB acts as aggregation template (54) . CsgA and CsgB each have five stacked ␤-strand-turn- ␤-strand motifs formed by imperfect repeats. In the more amyloidogenic CsgA, aggregation propensities of the repeats are fine-tuned by gatekeeper residues that reduce self-assembly (55) . Recently, the CsgC protein was identified as a chaperone that prevents the intracellular aggregation of unsecreted CsgA. Its production is correlated with the other components of the Csg system (56) , and it likely functions as a specific anti-amyloid chaperone in the production of curli fibers. Interestingly, CsgC was found to inhibit amyloid formation not only of CsgA, but also the Parkinson-associated ␣-synuclein, while not affecting the aggregation of the highly amyloidogenic A␤ peptide (57) . In contrast, for the BRICHOS domain, it appears to be the other way around; it efficiently reduces A␤ aggregation and toxicity (see above), whereas it only marginally inhibits ␣-synuclein aggregation. 5
Mechanisms of Anti-amyloid Chaperones
Because a significant part of the proteome possesses the ability to form amyloid fibers (20) , the general protein folding and quality control systems, supplemented with clientspecific chaperones, are likely to constitute the first line of defense against amyloid formation (58) . Hsp104 and its co-chaperones, in addition to their specific role in prion regulation, also work as an all-purpose system to remove protein aggregates, and to act on intermediates at all stages of aggregation (59) .
However, there are instances where a highly targeted chaperoning approach is essential, as illustrated by the non-native conformational preference of SP-C (33). Additionally, functional amyloids require regulated partitioning between soluble and assembled states to avoid precocious aggregation. A comparison of the amyloid-specific chaperones BRICHOS and CsgC provides clues to how they exert anti-amyloid activities and prevent toxic effects (Fig. 1 ). Both are closely associated with their targets; proSP-C BRICHOS is synthesized together with SP-C as part of the same proprotein (30) , and CsgC is co-expressed together with CsgA and CsgB under the control of the csgBAC operon (56).
Mode of Action of the BRICHOS Domain
Peptide binding studies have revealed that proSP-C BRICHOS lacks strict sequence dependence, but preferentially recognizes hydrophobic amino acid residues with high ␤-strand propensity. The related BRICHOS domain from Bri2, in contrast, preferentially binds Tyr and charged residues (44, The proSP-C BRICHOS domain, located in the endoplasmic reticulum lumen, prevents the aggregation of the amyloidogenic SP-C segment. Hydrophobic residues in the putative client-binding face A of the central ␤-sheet and its opposing helix 1 are highlighted in red. Right side, for the curli system, the amyloidogenic segments in CsgA and the Gln residues in CsgC are highlighted in green. CsgC keeps CsgA in a soluble state for export through the secretion channel CsgG. In the extracellular space, CsgB nucleates the assembly of CsgA into curli fibers. 60, 61) . Hydrophobic, ␤-prone residues are commonly found in amyloid-forming segments (19) , and consequently, the ability of proSP-C BRICHOS to bind SP-C conveys an anti-amyloid activity that goes beyond SP-C (44) . Analysis of the high-resolution structure of proSP-C BRICHOS shows a unique fold composed of a five-stranded ␤-sheet flanked by ␣-helical segments on each side (33) . This fold is likely shared by other BRICHOS domains, although low sequence identities make it difficult to model the unknown structures (32) . In proSP-C BRICHOS, the interface between one of the ␤-sheet faces and ␣-helix 1 is lined with hydrophobic residues (Fig. 1, left side) .
The SP-C segment in an unfolded or ␤-hairpin conformation could be embedded in the resulting hydrophobic groove (33) . BRICHOS can thereby prevent SP-C aggregation by reducing the entropic cost of acquiring the polyvaline helical fold and by preventing protein-protein contacts that lead to amyloid formation (62) . Structural modeling and sequence comparisons suggest that the features of the ␤-sheet/helix 1 interface differ between BRICHOS homologues and that this design may be the basis of their client preference (32) .
Sub-stoichiometric amounts of recombinant BRICHOS domains of human proSP-C and Bri2 prevent fibril formation of both A␤ 40 and A␤ 42 in vitro (37) . Recently, it was shown that proSP-C BRICHOS specifically inhibits the secondary nucleation of A␤ 42 aggregation (47) . BRICHOS binds to the fibril surface and blocks the sites, where otherwise the secondary nucleation takes place, thus leading to significantly less oligomer formation. By preventing the major source of oligomers, BRICHOS slows the exponential growth of the fibril and reduces the toxicity associated with A␤ aggregation. Indeed, using hippocampal slice models, proSP-C BRICHOS was shown to interfere with A␤ fibril formation through suppression of the generation of toxic aggregates (47) .
Insights into the Molecular Mechanism of the CsgC Chaperone
The molecular action of the curli chaperone CsgC is not yet clearly established, but its features provide some clues. The CsgC structure is homologous to the N-terminal region of the redox protein DsbD that forms a ␤-sandwich with a hydrophobic core (63) . It is possible that CsgC utilizes the same mechanism as most chaperones by displaying hydrophobic segments to interact with the unfolded substrate. However, it was not found to interact with A␤, which harbors hydrophobic and aromatic residues with high ␤-strand propensity in its amyloid core region (64) . Instead, the preferred target sequence for CsgC was identified as a DQWXGKNSE motif located at the end of repeat 3 of CsgA. However, the glutamine-and asparagine-rich segments in other repeats as well as in CsgB may also be recognized (57) . CsgC contains a high number of glutamine residues evenly distributed on its surface (Fig. 1, right side) . Because the glutamine-rich repeats in CsgA act as zippers that bind the ␤-strands together during aggregation, it is tempting to speculate that the glutamine-containing segments exposed by CsgC may bind partially unfolded CsgA oligomers, in this manner blocking self-assembly (3, 57).
Spider Silk Utilizes Alternative Strategies to Control Amyloid Assembly
The presence of specialized chaperones to control assembly is not common for functional amyloids. Instead, the role of a regulatory system can be fulfilled by conformational switches in the protein itself that prevent or promote self-assembly (65). For example, spidroins, the principal components of spider silk, undergo a rapid change from a soluble to an insoluble state. In their soluble state, they are stored in the sac of the silk gland as an extremely concentrated fluid dope, with spidroin concentrations equal to the total protein concentration of the cytosol (30 -50 weight %) (66) . During its travel through the duct of the gland, the dope experiences changes in pH, CO 2 pressure, and salt concentration that mediate the assembly into extendable fibers with ␤-crystalline blocks (9, 67, 68) . This process is controlled via conserved N-and C-terminal domains (NT and CT), which are unique to spidroins. NT and CT are stably folded and confer solubility under storage conditions, but through external stimuli, they can be switched to act as triggers for assembly ( Fig. 2) (68 -70) . Protons and CO 2 affect the stabilities and properties of NT and CT in different but specific ways. For the CT, decreasing the pH and interacting with CO 2 contribute to further destabilization (68) . The pH-dependent destabilization is likely initiated by breakage of a conserved salt bridge, liberating an amyloidogenic segment that forms amyloid-like fibrils, which in turn seed the aggregation of the repetitive segments. This is a hitherto unknown functional application of amyloid seeding (71) .
Spiders apparently have adopted the amyloid seeding phenomenon (72, 73) to control fiber formation. The structural transitions of CT into ␤-sheet fibrils in the duct of the silk gland result in nuclei that trigger the conversion of the repetitive regions into ␤-sheet polymers (68) . The N-terminal domain, on the other hand, is stabilized by charge interactions at low pH and undergoes a multistep monomer-to-dimer transition that crosslinks the spidroins in the nascent fiber (68, 74) . Fast polymerization kinetics are required for the ability of spiders to spin silk at Ͼ1 m/s. However, it is also vital for the spider to ensure that the polymerization process is confined to the duct and not spread up to the sac where it could prematurely aggregate the contents of the gland. Loosely associated NT dimers at the beginning of the duct provide a solution to both these problems; they ensure pre-alignment of the NTs so that the interlocking of the silk proteins in the distal parts of the duct is independent of diffusion (i.e. they associate ultra-fast) (75) . At the same time, they act as a safety mechanism that keeps the pulling forces from propagating up to the gland (68, 71, 74) . Through the concerted actions of NT and CT, mature silk can be generated at high speeds. However, the terminal domains of spidroins are not the only factors that confer temporal and spatial control over silk fiber formation. The spiders pull the fiber out of the silk gland, and this may promote refolding of helical/ random repetitive segments into extended, ␤-sheet conformations. The passage of the spidroins through the narrowing duct will also cause shearing, which has been shown to contribute to the transition of CT into ␤-sheet nuclei (70).
Chaperones and Regulatory Domains for the Prevention of Amyloid Disease and Design of New Biomaterials
Dedicated anti-amyloid chaperones provide insights into the strategies that can be employed to prevent amyloid disease or allow the functional use of the unique amyloid fold. Common to all systems is their ability to overcome amyloid toxicity. They can confine aggregation to a specific compartment, as exemplified by the pH dependence of spider silk assembly through the well regulated pH gradient in the silk gland (68) . Alternatively, control mechanisms can take the shape of chaperone components like the BRICHOS domain or CsgC that are co-produced with their amyloidogenic targets and prevent self-association and the generation of toxic, misfolded species.
It has been proposed that the same strategies may be harnessed to prevent the detrimental effects of disease-related amyloids in vivo (76) . To achieve this, a chaperone should sequester aggregation from the sensitive cellular environment or modulate aggregation pathways to suppress the generation of toxic species altogether. In fact, chaperone systems have been successfully used to modulate neurodegenerative diseases by overexpression of chaperones in the affected tissue, which illustrates the power of this approach (77) . The recent discovery that BRICHOS specifically blocks the secondary nucleation step in A␤ 42 fibril formation (47) (see above) suggests novel ways to combat Alzheimer disease, as the addition of BRICHOS may efficiently block generation of toxic oligomers. Chaperone-based strategies are hampered by the need to deliver high amounts of functional proteins to the affected tissues or cells. To circumvent this problem, it might instead be possible to use endogenous chaperones that are already present at the site where the toxic protein species originate. The production of the BRICHOS domain from the neuronal BRI2 together with A␤ 42 in transgenic mice results in no detectable cognitive decline although plaques were formed (78) , suggesting that BRICHOS can block A␤ 42 secondary nucleation and consequently also the formation of toxic oligomers in vivo (46) .
An alternative strategy is the targeted inhibition of chaperones of the cellular quality control system. Although counterintuitive at first sight, this strategy effectively increases the proteolytic turnover of the chaperone's target proteins. It has been shown that inhibition of ATP binding to Hsp90 and Hsp70 by small molecules is able to reduce the load of aggregation-prone polyglutamine proteins. Due to the broad specificity of Heat shock proteins, however, this interference potentially affects the entire proteostasis network (79) . It will be interesting to see whether similar approaches can be adapted to amyloid-specific chaperones.
Another application would be the production of amyloid-like biomaterials or aggregation-prone proteins for biomedical applications (80) . In this case, inclusion of chaperones or regulatory components from functional amyloids or anti-amyloid chaperones in the recombinant production of aggregationprone proteins may provide a cost-effective and less invasive alternative to protein engineering strategies.
